We report an experimental and theoretical study on the alignment error tolerance of a 2 µm-size solid immersion lens (SIL) illuminated by different types of focused spots. Tightly confined focal spots are of great interest for improving the performance of many optical systems, so that a study on the alignment tolerance is of interest. In particular, it was found that micro-SILs can be largely misaligned with respect to the optical axis of an objective lens focusing light onto it and yet allow for a reasonably good immersed spot. In fact, a displacement of approximately 400 nm, i.e. one fifth of the lens diameter, is tolerable. The measurements are compared with a rigorous finite element method model for a micro-SIL, showing an excellent agreement.
Introduction
The recent demand for miniaturized high-quality optical systems for strong light confinement has pushed forward the development of solid immersion lenses (SILs), down to the micrometre-scale [1] [2] [3] [4] [5] . These micro-solid immersion lenses (µ-SIL) have a potential to be applied in many different fields, such as microscopy [6] , lithography [7] , optical data storage [8] , Raman spectroscopy [9] , and fluorescent imaging [10] . Contrary to the liquid immersion technique, the utilization of SIL is desirable for applications in which liquids may harm or contaminate the sample. Optical data storage and lithography are examples of such applications.
Moreover, there are many materials with high refractive index value that can be potentially used for fabrication of SILs. In order to maximize the focusing capabilities of the µ-SIL, this tiny SILs should be placed at the focal plane of a high numerical aperture (NA) objective lens, resulting in an immersed spot whose dimensions are reduced by a factor equal to the refractive index of the material of the SIL. Optical trapping is a particular interesting application for the µ-SIL, where a central dark zone of an immersed doughnut-like focused spot is used to trap and manipulate tiny objects that are repelled and pushed away from the regions of maximum intensity [11] . To achieve such an illumination spot, the state of polarization of a laser beam incident on the Left box: schematic of the experimental setup of the HRIM. In the object arm, an azimuthally polarized laser beam is normally incident on the focusing lens. The µ-SIL and the NA = 0.9 focusing lens are inserted on the same sample stage. By scanning the µ-SIL together with the focusing lens along the z-axis, 3D maps of the focused field are obtained. Misalignment is inflicted on the µ-SIL prior to the measurements. Right box: top-working principle of a solid immersion lens. The µ-SIL is perfectly positioned with its centre coincident with the z-axis. Centre-a misalignment is inflicted on the µ-SIL by shifting its centre to positions along the x-direction (the focal plane of the objective lens remains unaltered). Bottom-computational domain of the 3D FEM model for the µ-SIL. The µ-SIL, described as a semi-hemispherical structure, is placed in the focal plane of an objective lens. The immersed focal spot, collected on the bottom of the µ-SIL lens, will be used for comparisons with the measurements.
objective lens is set to azimuthal, so that a doughnut-shaped spot is generated on the focal plane [12] . Since the µ-SIL is positioned on that plane, the final spot will have not only its dimensions reduced, but also its field intensity increased on the ring structure, as a result of the energy confinement. A spot with such features, i.e. a central dark region surrounded by a high intensity annular region, is highly desirable for efficiently trapping tiny particles, in particular photosensitive materials such as biological cells and neutral atoms [13] , as well as for stimulated emission depletion (STED) microscopy techniques [14] . Another interesting type of illumination is achieved by adding an extra linear polarizer in the light path of the azimuthally polarized beam. This particular configuration leads to a decomposition of the azimuthal polarization, resulting in two half-lobes whose orientation depends upon the orientation of the polarizer. Such two-lobe spots can be applied in direct-write vortex beam lithography, which can produce well-separated line patterns of visible light. Similarly to the previous case, when this type of spot is immersed, its dimensions are also reduced, which theoretically would allow for writing even smaller line patterns [15, 16] .
At a practical level, one point of great concern certainly regards the alignment sensitivity of such micro-sized SILs. In other words, considering that the µ-SIL should be ideally centred on the optical axis (z-axis) of the high NA lens (see the top diagram in the right box of figure 1) , what is the consequence for the immersed focused spot if any misalignment occurs? Or even, what is the maximum misalignment tolerance which does not compromise the integrity of the immersed spot? Answering these questions is of great relevance not only for optical trapping but also for any application that may profit from the µ-SIL. In this work, we numerically and experimentally study the alignment tolerance of a high numerical aperture objective lens (NA = 0.9) focusing different types of spots onto a 2 µm diameter hemispherical SiO 2 µ-SIL [17] . The measurements are conducted using a high-resolution interference microscope (HRIM), which has been proven to be a powerful tool for 3D optical characterizations of micro-, and nano-optical elements [18] , whereas the simulations are rigorously executed in a three-dimensional (3D) finite element method (FEM) simulation tool [19] [20] [21] . The simulation model is finally extended to compute the misalignment tolerance of µ-SIL having different diameters or higher refractive index.
Experimental and theoretical procedures
The HRIM setup is depicted in the left box of figure 1. A single mode polarized laser diode (CrystaLaser, 642 nm: DL640-050-3) is redirected to the object arm of the microscope after being expanded and collimated by a spatial filtering technique. An objective lens of NA = 0.9 is used to focus the normally incident and azimuthally polarized laser beam, generated by a radial/azimuthal polarization converter (ARCoptix S.A.). To realize the two half-lobes illumination, an extra linear polarizer is placed before the objective lens. The objective lens is mounted on a precision piezo-stage with a z-scan range of 500 µm and a x-y scan range of 100 µm (MAD CITY LABS). The µ-SIL is held by a 100 nm thick silicon nitride membrane in a silicon chip, which has a thickness of 550 µm. The µ-SIL chip is placed horizontally such that the planar side of the SIL faces the collector lens. Furthermore, the µ-SIL is positioned in the focal plane of the focusing objective, also on the z-axis piezo-stage. As can be seen, the measurements are conducted in transmission. The complete description of the HRIM experimental setup can be found in [18] . The SILs were fabricated on 200 mm silicon wafers by using standard microelectronic and microsystem tools. First, a hemispherical mould is formed by isotropic wet etching of silicon through a nanometric hole. Then a conformal thin layer of 100 nm silicon nitride (SiN) is deposited on the substrate. This SiN layer will serve as the membrane holding the SIL at the end of the process. The hemispherical mould is then filled with silicon dioxide SiO 2 material and a chemical-mechanical polishing step is performed to planarize the structure. Finally, the spherical surface of the SILs is released to the air by etching the substrate from the backside. The SILs are held by the 100 nm SiN membrane and can be used directly as an optical head to scan samples. Further details are reported in [17] . An important aspect of the current SIL design used in our experiments is the fact that the side wall angle of the Si substrate ultimately limits the maximum angle of the incoming focusing light. A schematic of the design of the SIL is also provided in figure 1. By simply applying geometrical optics, one can conclude that the size of the beam focused by a NA = 0.9 at a distance of 550 µm above the focal plane will be larger than the opening itself. In fact, this constraint limits the numerical aperture of the objective lens to approximately 0.8.
The simulations were performed by rigorously solving Maxwell's equations for the focused field in and near the µ-SIL, since vectorial diffraction effects cannot be neglected when dealing with small objects interacting with light. To mimic the experimental conditions, an azimuthally polarized laser light, at wavelength 642 nm, is focused by a NA = 0.8 objective (from the top to the bottom) onto the planar bottom surface of the µ-SIL, as shown in the bottom right in figure 1 . The geometrical focus of the high NA lens is chosen to be at z = 0 nm, coincident with the bottom of the 3D hemispherical µ-SIL (n = 1.5). The surrounding space is filled with air (n = 1). An adaptive meshing technique was employed to assign a higher number of points in the central region of the computation domain, in order to ensure a good representation of the rounded µ-SIL structure. Elements of order 2 were used on a hexahedral mesh with total size of 4000×4000×1350 nm 3 . This particularly large computational domain is necessary in order to completely fit the µ-SIL at displaced positions. A perfect matched layer was defined in all directions to truncate the computational domain. The excitation focused spot, defined as the spot generated by the objective lens, is computed at the focal plane of that lens by solving the Debye integral. These values are Fourier transformed. Each plane wave is back propagated in the z-direction and for a set of z-planes the electric fields for these waves are calculated. The back-Fourier-transforms of these fields are used in the calculation of the right-hand side of the FEM formulation of the vector-Helmholtz equations for the optical phenomena. The simulations were performed in a cluster of four AMD Quad-Core Opteron 6176 (2.3 GHz) with 256 Gb of internal memory, operating under a Linux environment. The total execution time for a single computation is about 2 h, consuming approximately 10% of the total memory.
In figure 2 , the measured and simulated immersed focal spots, normalized to unity, are mapped in a circular measuring window 2 µm in diameter for the cases of the doughnut and two half-lobe spots. In both cases, the µ-SIL is centred in the z-axis. The measured results for the doughnut spot, shown in figure 2(a) , show a measured spot slightly broader than that of the simulated counterpart, mainly in the outer rim of the annular spot. This difference is most likely to be due to deviations of the shape of the SIL from the ideal half-spherical shape. For the two half-lobe spots, similar results are verified, as can be seen in figure 2(b) . In particular, the measurements present a more rounded spot in comparison with that of the simulations. The broadening along the y-direction in the simulated spot comes from the non-vanishing z-component of the electric field, which is not detected by the HRIM setup. Nonetheless, a reasonably good agreement between simulation and measurement is found. 
On the misalignment tolerance
A set of measurements/simulations were performed with the µ-SIL misaligned with respect of the z-axis, by moving it in the x-direction, as indicated by the crosses in the central diagram on the right box of figure 1. We initially consider the case where the doughnut spot is immersed. As seen from the results, displayed in figure 3(a) , a significant distortion of the immersed doughnut spot occurs if the µ-SIL is in large misalignment with respect to the z-axis. If the centre of the SIL deviates 800 nm in the x-direction, the doughnut shape is almost entirely lost. In practice, it would not be possible to trap a particle under this condition since a low intensity gradient occurs at one side of the spot. Similarly, a deviation of 600 nm still affects considerably the spot shape, though less severe than in the previous case. However, if a displacement of 400 nm or less is considered, the focused spot starts to resemble its initial, not-deformed, shape. It represents, nonetheless, a considerably large misalignment tolerance, considering that the SIL has only 1 µm of radius. The same observations apply for the two half-lobe spots, where the effect of the misalignment of the µ-SIL on the immersed spot is evidenced by a shift in the electric field energy density towards one of the lobes (see figure 3(b) ). However, the results indicate a tighter margin for misalignment tolerance. It can be easily seen that a displacement of 200 nm is the maximum tolerable for this case.
To better quantify the tolerance error, the correlation (normalized covariance) between the misaligned and the ideal focused spots are computed. Hence, highly correlated spots indicate that the shape of the immersed spot is preserved. In figure 4 , the simulated and measured correlations, obtained for misaligned spots along the x-direction, are plotted as a function of the misalignment distance. The result for the doughnut spot, displayed in figure 4(a) , indicates a high correlation coefficient for 200 nm displacement, of more than 95%. At 400 nm, the correlation drops to 80%, setting the bottom acceptable limit since the immersed spot still retains a reasonably good doughnut shape. Beyond this point, the spot deviates considerably from the ideal, as discussed before. For the two half-lobe case, the correlation value corresponding to a displacement of 200 nm is also around 0.8. This is the limit tolerable for this particular polarization case. From this discussion, it is noticeable that the misalignment tolerance is dependent on the polarization of the incoming focused beam that undergoes immersion. Therefore, we extend our simulation model to study the misalignment tolerance for laser beams having polarizations other than azimuthal. 
Other cases of interest
In figure 5 , the correlation is displayed for light beams with circular, azimuthal and linear polarizations. We initially consider the same µ-SIL, that is, a µ-SIL with 2 µm diameter and refractive index of 1.5. The results, displayed in figure 5(a) , indicate an even higher misalignment tolerance for the circular and linear polarizations. For the circularly polarized immersed spot, a misalignment slightly larger than 400 nm shows 80% of correlation with respect of the on-axis spot. The linearly polarized immersed spot, in a similar way, still retains a reasonably good shape even if the µ-SIL is misaligned by 500 nm with respect to the z-axis. In fact, the condition to achieve such a high correlation can be inferred from the total electric field distribution computed along the xz plane, displayed on the bottom of that figure; provided that the incident focused spot is entirely incident within the µ-SIL, a high correlation is obtained. This observation sets a practical guide for designing and evaluating optical immersion systems operating with objectives with different numerical apertures and/or different µ-SIL size. These observations, however, depend on the refractive index of the material of which the µ-SIL is made. In figure 5(b) , we repeat the simulations after replacing the initial refractive index, n = 1.5, by n = 2. SiN is an example of a high refractive index material that has been used for manufacturing µ-SILs. As can be seen, the correlation drops considerably under this circumstance. In fact, the misalignment tolerance drops to about half of what was previously found. The total electric field distribution, displayed on the bottom of the figure, indicates that the stronger interference effect inside the µ-SIL is detrimental to the final immersed spot. Figure 6 . Simulated intensity distribution of the immersed spots generated by different types of µ-SIL. Top: µ-SIL with diameter of 500 nm. Bottom: µ-SIL with diameter of 1000 nm. The misalignment tolerance is highly dependent on the size of the µ-SIL.
As a last example, we consider the misalignment tolerance of µ-SILs with diameter smaller than 2 µm, namely, 1 µm and 0.5 µm. The refractive index is kept as n = 1.5, the NA of the focusing lens is 0.8 and the polarization of the illumination beam is set to azimuthal. We plot the simulation results in figure 6 . For µ-SIL with diameter of 500 nm, the shape of the doughnut spot is entirely lost after a displacement of 80 nm, which represents 1/6 of the lens diameter. The µ-SIL with diameter of 1000 nm showed a reasonably good immersed spot even misaligned by 100 nm. At 200 nm, however, the immersed spot no longer shows a good doughnut shape.
Conclusions
We experimentally and theoretically investigated the alignment error tolerance of a 2 µm-SIL immersing beam with two types of polarization. It was found that a large misalignment with respect to the z-axis of an objective lens is tolerable. In fact, such misalignment can be as large as 400 nm, i.e. one fifth of the lens diameter for the azimuthally polarized beam and 200 nm for the two side-lobes spot. The numerical study was then extended to account for different polarizations. The µ-SIL can still generate a good immersed spot for a circularly polarized beam even if displaced by approximately 420 nm. The tolerance is even higher for linearly polarized beams, reaching up to one-fourth of the lens diameter. Furthermore, we discussed the basic condition for not compromising the immersed spot integrity. It suffices that the incident spot falls entirely inside the SIL. Moreover, we discussed the misalignment tolerance of different types of µ-SIL. It was found that the misalignment tolerance is reduced for µ-SIL made of materials with higher refractive index. At last, we numerically investigated the misalignment tolerance of smaller µ-SILs. It was shown that smaller µ-SILs are more sensitive to alignment errors. To conclude, the present study contributes to a better understanding of the misalignment tolerance of a micro-sized solid immersion lens. The exceptionally large misalignment tolerance makes the µ-SIL a promising candidate to improve not only trapping efficiency, but also many advanced optical systems.
